Semiconductor photocatalysis has been considered a potentially promising approach for renewable energy and environmental remediation with abundant solar light. However, the currently available semiconductor materials are generally limited by either the harvesting of solar energy or insufficient charge separation ability. To overcome the serious drawbacks of narrow light-response range and low efficiency in most photocatalysts, many strategies have been developed in the past decades. This article reviews the recent advancements of visible-light-driven photocatalysts and attempts to provide a comprehensive update of some strategies to improve the efficiency, such as doping, coupling with graphene, precipitating with metal particles, crystal growth design, and heterostructuring. A brief introduction to photocatalysts is given first, followed by an explanation of the basic rules and mechanisms of photocatalysts. This chapter focuses on recent progress in exploring new strategies to design TiO 2 -based photocatalysts that aim to extend the light absorption of TiO 2 from UV wavelengths into the visible region. Subsequently, some strategies are also used to endow visible-light-driven Ag 3 PO 4 with high activity in photocatalytic reactions. Next, a novel approach, using long afterglow phosphor, has been used to associate a fluorescence-emitting support to continue the photocatalytic reaction after turning off the light. The last section proposes some challenges to design high efficiency of photocatalytic systems.
Introduction
It is well known that environmental pollution is affecting human survival and development. Photocatalytic technology is considered as an efficient, stable, and environmentally friendly method in the field of environmental pollution control [1] . In general, a photocatalytic reaction includes three steps [2] (Fig. 1) . First, electrons (e−) and holes (h+) are generated through photoexcitation. Then, these electrons and holes migrate to the surface of photocatalysts and subsequently react with adsorbed electron acceptors and donors, respectively. Thus, an efficient photocatalyst requires a semiconductor with a suitable band gap for harvesting light, facile separation and transportation of charge carriers, and proper valence band (VB) and conduction band (CB) edge potential for redox reaction being feasible. To date, much effort is currently focused on how to improve the light absorption, charge separation, and surface reactivity in order to achieve outstanding photocatalytic performance, such as doping, coupled with graphene, precipitated with metal particles, crystal growth design, and heterostructuring.
In the past few decades, TiO 2 nanomaterials have attracted tremendous interest in environmental pollution removal and photocatalytic hydrogen generation. However, all of them have large electronic band gaps of 3.0-3.2 eV, which means only less than 5% of the entire solar energy can be utilized. Thus, much effort has been devoted to bring about the absorption of TiO 2 into the visible-light region and improved photocatalytic activity. Despite the fact that there are many research articles on modified TiO 2 , the exploration of new active and efficient visible-light-driven photocatalysts attracts much attention [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In the effort to exploit novel photocatalyst systems working under visible light, it has been revealed that orbitals of some p-block metals with a d10 configuration [22] , such as Ag 4d in Ag(I), could hybridize O 2p levels to form a new preferable hybridized VB, thus narrowing the band gap to harvest visible light.
Compared with single-phase semiconductor photocatalysts, hybrids of two or more semiconductor systems, i.e., heterostructures, seem to possess advantages in more efficiently utilizing solar light. Besides metal/semiconductor and carbon group materials/semiconductor-heterostructured photocatalysts [23] [24] [25] [26] [27] [28] , semiconductor/semiconductor-heterostructured photocatalysts with diverse models have been developed ( Fig. 2) , including type-I and type-II heterojunctions, Z-scheme, p-n heterojunctions, and homojunction band alignments [29] [30] [31] [32] . 
TiO 2 -based photocatalysts
In this section, strategies on the modulation of energy band structures or surface states of wideband-gap photocatalysts, especially for TiO 2 , are reviewed. Currently, many strategies have been developed to modulate the band structures of TiO 2 , including doping, coupling with graphene, precipitating with metal particles, crystal growth design, and heterostructuring, which will be discussed.
Doping
Doping is an available strategy to tune the absorption band of wide-band photocatalysts. Several studies have investigated nonmetal doping. Asahi et al. reported nitrogen-doped TiO 2 of nonmetals, such as N [33, 34] , C [35] [36] [37] , S [38, 39] , B [40] [41] [42] , F [43] [44] [45] , Br [46] , I [47] [48] [49] [50] , P [51] , in 2001 [33] . In our study [34] , nitrogen-doped titania nanoparticles (NPs) were successfully prepared by a microwave-assisted solvothermal process in a very short time, and the prepared samples showed visible-light absorption in the range of 400-550 nm, indicating its potential applications as visible-light-induced photocatalyst. The chemical states and locations of dopants are considered to be key factors in adjusting the spectral distribution of the induced electronic states of those dopants and reconstructing favorable surface structure for photocatalysis.
Co-doping with two suitable heteroatoms can also achieve substantial synergistic effects [41, [52] [53] [54] [55] . For example, B, N co-doped TiO 2 , benefits from the B-N bonds formed, which can increase the amount of doped N on the TiO 2 surface and the promoted separation of photoexcited electron-hole pairs [41] .
TiO 2 -graphene composite
Graphene, a two-dimensional carbonaceous material, can be used in many applications due to its unique and remarkable properties such as high conductivity, large surface area, and good chemical stability [56] [57] [58] [59] . Tremendous interest is devoted to fabricating numerous graphene-semiconductor composites to aid charge separation and migration and improve the performance of the photocatalysts [60] [61] [62] [63] [64] . Graphene works as an electron acceptor or transporter to induce electron transfer, leading to an efficient charge separation. Thus, an appropriate integration of graphene and TiO 2 could give rise to a nanocomposite that combines the desirable properties of graphene and TiO 2 , e.g., the photocatalytic activity of TiO 2 can be improved. In the past few years, there were some reports about graphene-TiO 2 composites [13] [14] [15] [16] [17] .
Recently, Liu et al. synthesized the graphene oxide-TiO 2 nanorod composites [65, 66] . Wu et al. reported the synthesis and application of graphene-TiO 2 nanorod hybrid nanostructures in microcapacitors [67] . As shown in Fig. 3 , the assembling of TiO 2 nanocrystalline with exposed {001} facets on graphene sheets reported in our previous work showed a higher photocatalytic activity than the other normal TiO 2 /graphene composites [68] . In another work ( Fig. 4 ), graphene/rod-shaped TiO 2 nanocomposite was synthesized by the solvothermal method [69] . In a one-pot system, the rod-shaped TiO 2 can be homogeneously dispersed on the surface of graphene sheets by syngraphenization strategy. Owing to the combination of graphene and rod-shaped TiO 2 , the graphene/rod-shaped TiO 2 nanocomposite shows a significant enhancement in the photocatalytic performance compared with that of the graphene/spherical TiO 2 nanocomposite, which can be attributed to the high electronic mobility of graphene, higher Brunauer-Emmett-Teller (BET) surface area, and rod-shaped structures of TiO 2 . In our recent work [70] , a series of B-doped graphene/rod-shaped TiO 2 nanocomposites were synthesized via one-step hydrothermal reaction. The photocatalytic activity of the obtained nanocomposites for the oxidative photodestruction of NOx gas showed better photocatalytic properties than pure TiO 2 and graphene/TiO 2 nanocomposites. This work provides new insight into the fabrication of TiO 2 -carbon nanocomposites as high-performance photocatalysts and facilitates their application in addressing environmental protection issues.
TiO 2 -based plasmonic photocatalysts
Plasmonic photocatalysis has offered a new opportunity to solve the problem of the limited efficiency of photocatalysts [71] [72] [73] . In these photocatalysts, the nanostructured plasmonic metals are often combined with a semiconductor-based material (e.g., TiO 2 ), and the photocatalytic activity is greatly enhanced due to the local surface plasmon resonance (LSPR) effect [74] . The LSPR effect endows the metal nanocrystals with very large absorption and scattering cross sections and local electromagnetic field enhancement in the near-field region near the surface of plasmonic metal nanocrystals, which is promising in manipulating light absorption in photocatalytic systems. The intensity of the local electromagnetic field is several orders of magnitude larger than that of the far-field incident light, and the highest charge carrier formation is observed at the semiconductor/liquid interface, which benefits the photocatalytic reactions [71] [72] .
Recently, noble metal nanoparticle-deposited TiO 2 has attracted significant attention. The main advantages of these noble metal NPs can be attributed to their chemically inert properties toward (photo) oxidation and LSPR effect on the surface [75, 76] . Meanwhile, our previous work found the plasmonic enhancement of the photocatalytic activity of semiconductor-metal nanocomposite materials [77] [78] [79] . Thus, noble metal NP-deposited TiO 2 could be an appropriate approach to improve the photocatalytic performance of TiO 2 .
A variety of nanostructured Au/TiO 2 with different morphologies have been synthesized, such as highly stable mesoporous Au/TiO 2 spheres (~500 nm) [80] and mesoporous Au-TiO 2 nanocomposites using a simple spray hydrolytic method [81] . In our study, Au NPs are precipitated on the highly porous one-dimensional (1D) TiO 2 nanotubes (NTs), and the plasmonic photocatalytic properties of the material are investigated [82] . Compared with nanoparticles, there are some advantages of 1D NT structures, such as favorable recycling characteristics and the vectorial transport of photogenerated charge carriers [83, 84] , which have great potential for superior photocatalytic performance. The Au NPs/TiO 2 NTs were synthesized by emulsion electrospinning followed by deposition-precipitation (DP) method. The results in Fig. 5 show that the modified porous TiO 2 NTs with the presence of Au NPs increased photocatalytic destruction of methylene blue (MB) solution under visible-light irradiation. Furthermore, the migration of Au NPs from the rutile phase to the interface of Advanced Catalytic Materials -Photocatalysis and Other Current Trends rutile/anatase was found when the calcination temperature changed from 250 °C to 350 °C. The optimal photocatalytic activity was obtained in the sample Au 3 (DP 350 )/TiO 2 , due to the plasmon activation of the Au NPs followed by consecutive electron transfer that induced efficient charge separation. Therefore, such a highly porous Au/TiO 2 heterojunction structure provides a new pathway for the design and fabrication of other energy-and environmentrelated applications. 
TiO 2 -based heterostructure photocatalysts
The heterojunctions provide a facile way to enable the effective separation of photoexcited electron-hole pairs, thus to enhance the photocatalytic performance. According to different electronic energy levels and band gaps of photocatalysts, five kinds of semiconductor heterojunctions have been reported: straddling alignment (type I), staggered alignment (type II), Z-scheme system, homojunctions, and p-n heterojunctions [118, 119] . In those work, the dynamics of electron and hole were studied, including the band gap, the electron affinity, and the work function of different semiconductor heterojunctions.
Visible-light-driven Ag 3 PO 4 photocatalysts
A breakthrough was made in finding a novel semiconductor material, Ag 3 PO 4 , as an active visible-light-induced photocatalyst [4] . Ag 3 PO 4 demonstrates extremely high capability for O 2 evolution from H 2 O and organic dye decomposition under visible-light irradiation [120] . More importantly, this novel photocatalyst can achieve a quantum efficiency up to 90% at wavelengths longer than 420 nm, which is clearly higher than that reported previously by using semiconductor photocatalysis.
So far, various methods have been proposed to further enhance the photocatalytic activity of Ag 3 PO 4 under visible-light irradiation. One approach is the synthesis of Ag 3 PO 4 with various morphologies. This is because photocatalytic reactions are typically surface-based processes; thus, the photocatalytic efficiency is closely related to the morphology and microstructure of a photocatalyst [83] . Recently, some new morphologies of Ag 3 [132] , Ag 3 PO 4 / carbon quantum dots [133] , Ag 3 PO 4 /reduced graphite oxide sheets [134] , and Ag 3 PO 4 /Ag composites [135] [136] [137] .
Crystal growth design
Manipulating the crystal structure will result in controlling the percentage of exposed facets on crystal surfaces and thus can lead to a dramatic change in reactivity, which has been widely investigated in sensing [138] , electronics [139] , magnetic memory devices [140] , and catalysis [141] . It is widely accepted in catalysis that a higher surface energy leads to a more reactive surface. Therefore, the control of the exposed facets is one of the most available and efficient methods to obtain more active surface [142] , which has been investigated recently to promote photocatalytic activity [83] .
Herein, we controllably prepared Ag 3 PO 4 crystals with various new morphologies (including branched, tetrapod, nanorod-shaped, and triangular-prism-shaped Ag 3 PO 4 crystals) via a facile and efficient synthesis process in the solvent mixture of N,N dimethylformamide (DMF) and H 2 O at room temperature (Fig. 6) . The results indicate that the branched Ag 3 PO 4 sample shows highly enhanced photocatalytic activity compared with other as-prepared Ag 3 PO 4 samples, and the BET-specific surface area makes a greater contribution to the enhanced photocatalytic activity of as-prepared Ag 3 PO 4 crystals [143] .
Ag 3 PO 4 -graphene composite
The photocorrosion phenomenon of Ag 3 PO 4 reduces the photocatalytic activity during the process. Up to now, some solutions have been put forward to improve its stability and photocatalytic properties under visible-light irradiation. Apart from its unique electronic properties [58] , graphene has several other excellent attributes, such as the large theoretical specific surface area [57] and good chemical stability [59] . The large specific surface area of graphene facilitates the attachment of inorganic nanomaterials [144, 145] . Thus, the combination of graphene and Ag 3 PO 4 could be a good choice to construct a stable and efficient photocatalyst composite.
In one of our works, Ag 3 PO 4 /reduced graphite oxide (RGO) nanocomposites were synthesized to enhance the visible-light photocatalytic activity and the stability of Ag 3 PO 4 . The results show that the graphene content obviously affects the photocatalytic activity of Ag 3 PO 4 /RGO nanocomposites [134] . As shown in Fig. 7 , among a series of Ag 3 PO 4 /RGO, the Ag 3 PO 4 /2.1 wt % RGO shows the best photocatalytic activity despite the degradation of MB or Methyl Orange (MO) solution. In addition, the Ag 3 PO 4 /RGO is more stable than pure Ag 3 PO 4 since the RGO can be used as protective coatings that inhibit the photocorrosion of Ag 3 PO 4 . Thus, the Ag 3 PO 4 /RGO nanocomposites with excellent photocatalytic performance and enhanced stability can find promising applications in addressing environmental protection issues.
Ag 3 PO 4 -based heterostructure photocatalysts
Many narrow-band-gap metal oxides or chalcogenides have been coupled with Ag 3 PO 4 photocatalyst to enhance its photocatalytic activity and/or improve its stability. In Yao's work, Ag 3 PO 4 /TiO 2 has been synthesized via the in situ deposition of Ag 3 PO 4 nanoparticles onto the TiO 2 surface, which facilitates electron-hole separation, thereby leading to enhanced photocatalytic activity [128] .
In our work, the phenomenon of "self-corrosion" was first observed in the simple physical mixed Ag 3 PO 4 /TiO 2 compounds (Fig. 8 ). It is found that both self-corrosion and photocorrosion in Ag 3 PO 4 /TiO 2 compounds alter the chemical environment of Ag. The corrosion degree, however, is different due to a slight difference in the chemical environment of Ag. Furthermore, it is the strong adsorption capacity that determines the photocatalytic activities of Advanced Catalytic Materials -Photocatalysis and Other Current Trends Ag 3 PO 4 /TiO 2 compounds under UV light irradiation, which is almost independent of selfcorrosion. In contrast, it is the amount of visible-light response of Ag 3 PO 4 in Ag 3 PO 4 /TiO 2 compounds that mainly determines the photocatalytic activities under visible-light irradiation, which is highly relevant to self-corrosion [146] .
Besides Ag 3 PO 4 /TiO 2 composite heterostructures, AgX/Ag 3 PO 4 (X = Cl, Br, I) heterocrystals have also attracted much attention due to their excellent photocatalytic activity [129] . Bi and coworkers have reported that the AgX/Ag 3 PO 4 (X = Cl, Br, I) heterocrystals embodied some advantages compared to the single Ag 3 PO 4 , and it is a more promising and fascinating visible- light-driven photocatalyst than pure Ag 3 PO 4 [129] . In their work, the AgBr/Ag 3 PO 4 hybrid displayed much higher photocatalytic activity than single AgBr or Ag 3 PO 4 , as well as high stability under visible-light irradiation. 
Long afterglow phosphor-assisted photocatalysts
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In our research [147] [148] [149] , the degradation of continuous NO gas was achieved by TiO 2-x N y surface-immobilized CaAl 2 O 4 :(Eu, Nd) microparticles (Fig. 9) . The results show a persistent deNOx ability of the CaAl 2 O 4 :(Eu, Nd)/TiO 2−x N y composite. In another work [149] , the persistent fluorescence-assisted photocatalysts of Ag 3 PO 4 composites have been synthesized to expand the application of Ag 3 PO 4 on dye decomposition day and night. Sr 4 Al 14 O 25 :(Eu,Dy)/ Ag 3 PO 4 composites exhibited excellent photocatalytic activities for the Rhodamine B (RhB) decomposition reaction in the dark without additional light sources (Fig. 9c ). 
Challenges and perspectives
Photocatalysis appears to be a promising avenue to solve environmental and energy issues in the future. A variety of strategies, such as doping, coupling with graphene, precipitating with metal particles, crystal growth design, heterostructuring, were explored to enhance the efficiencies of photocatalytic activities. Besides modified TiO 2 and Ag 3 PO 4 , other visible-lightdriven photocatalysts, including CdS, BiVO 4 , Bi 2 WO 6 , and g-C 3 N 4 , even fluorescence-assisted photocatalyst composites, have attracted increased attention [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] .
Although great progresses have been achieved, some challenges still exist to design high efficiency of photocatalytic systems. First, fundamental studies are essential to tackle the bottleneck problems in the field, including improved charge separation and transfer, promoted optical absorption, optimized band-gap position, lowered cost, and toxicity. Second, faceted photocatalysts remain a challenge and the development of surfactant-free synthesis routes is highly desirable, since most synthesis strategies involve the use of morphology-controlling agents that must be eventually removed in order to obtain clean facets. Finally, photostability of photocatalyst is and will continue to be a main challenge for practical applications. Therefore, new material design and innovative strategies for improving the efficiency and increasing the visible-light absorption of photocatalysts will be the key challenge and opportunity in this field.
